Introduction
Energy and environment are the two major interconnected issues facing the world today. The rapid depletion of fossil fuels (coal, oil, natural gas, etc.) and worsening environmental pollution are serious challenges, especially given the increase in population and urbanization. Development of green, pollution-free, and sustainable renewable energy sources is the key pathway to solve these problems. Wind energy, solar energy, water energy, and other natural energy are being explored, of which the common theme is effective energy storage and conversion. Therefore, various energy-storage devices are being extensively investigated, including supercapacitors (SCs), fuel cells, and rechargeable batteries. [1] Among them, SCs are unique energy-storage devices, characterized by a high power density, a short charging time, a long lifetime, excellent temperature stability, and low cost (Figure 1 a) . [2] They have been widely used in various high-power and energy-boosting devices, electric vehicles, and energy-harvesting devices.
Charge storage in traditional electrochemical SCs occurs through the construction of double electric layers at the interface between an electrode and electrolyte, resulting from the reversible adsorption of ions between the electrolyte and two porous electrodes. These SCs only involve the physical adsorption of ions without any chemical reaction and are, therefore, called EDLCs (Figure 1 b) . [3] The electrode materials are mainly carbon-based materials with a high specific surface area and conductivity. The second type of electrochemical SCs is the Faraday quasi-capacitor or PCs (in Figure 1 c) , which functions through the redox reaction of electrode materials to store energy. Traditional pseudocapacitive materials comprise transition-metal oxides/hydroxides, such as MnO 2 , NiO, Ni(OH) 2 , CoO, Co 3 O 4 , and their binary systems.
[4] The third type is the HC (Figure 1 d) , such as a lithium-ion capacitor (LIC) and carbon//PbO 2 , which is designed to combine both EDLCs and PCs. [5] The performance of these SCs is largely dependent on the electrode materials, and therefore, the development of new electrode materials with a high specific energy density and power density is key to improving the overall performance of such SCs. Among them, layered double hydroxides (LDHs), which are a unique class of 2D nanomaterials, [6] and their derivatives, have shown excellent electrochemical and device performances, as well as great potential for energy storage.
LDHs, also known as hydrotalcite-like compounds, are cationic 2D metal hydroxides intercalated with anions. Their general formula can be expressed as [M 1Àx 2 + M x 3 + (OH) 2 ]-A x/n nÀ ·m H 2 O, [9] in which M 2 + stands for bivalent metal cations (e.g., Co 2 + , Ni 2 + , Mn 2 + , and Fe 2 + ), M 3 + stands for trivalent metal cations (e.g., Fe 3 + , Al 3 + , Mn 3 + , Cr 3 + , or Ga 3 + ), A nÀ is an interlayer n-valent anion (e.g., Cl À , OH À , NO 3 À , SO 4 2À , and organic anions), x can be any value between 0.2 and 0.33, and m is the number of crystal water molecules. [10] Positive charges are produced by partial replacement of M 2 + ions by M 3 + ions in the hydroxide host layer, which can be balanced by anions located in the interlayer space of LDH. [M(OH) 6 ] octahedra are formed by M ions octahedrally surrounded by hydroxyl groups, in which metal cations occupy the center of the octahedral edge with hydroxide ions at the vertices. [11] The 2D hydroxide layer consists of octahedrons sharing six edges, with infinite extension of the ab plane of crystallography. More than two types of metal cations can be incorporated into the host layers to compound a single material. [12] In addition, M + and M 4 + ions can also be introduced to extend the range of LDHs, such as LiAl LDH [13] and NiTi LDH. [14] There are several processing techniques that have been developed to synthesize LDHs for applications in SCs, such as hydrothermal, [15] electrodeposition, [16] chemical exfoliation and self-assembly, [17] and templating methods. [18] The LDHs thus-developed have been studied for their performance as electrode materials in energy storage, in which they can offer the following advantages: 1) LDHs with a lamellar structure and grown High-performance supercapacitors have attracted great attention due to their high power, fast charging/discharging, long lifetime, and high safety. However, the generally low energy density and overall device performance of supercapacitors limit their applications. In recent years, the design of rational electrode materials has proven to be an effective pathway to improve the capacitive performances of supercapacitors. Layered double hydroxides (LDHs), have shown great potential in new-generation supercapacitors, due to their unique two-dimensional layered structures with a high surface area and tunable composition of the host layers and intercalation species. Herein, recent progress in LDH-based, LDH-derived, and composite-type electrode materials targeted for applications in supercapacitors, by tuning the chemical/metal composition, growth morphology, architectures, and device integration, is reviewed. The complicated relationships between the composition, morphology, structure, and capacitive performance are presented. A brief projection is given for the challenges and perspectives of LDHs for energy research.
into 2D nanosheets offer a large specific surface area, a high amount of active sites, and a shortened diffusion distance that helps ions to quickly transfer from the electrolyte to the surface of the active material due to the ultrathin thickness of the nanosheets; [19] 2) tunable metal-cation compositions in the LDH host layers, such as by Ni 2 + , Co 2 + , or Mn 2 + enable multiple redox states to greatly improve the capacitive performance; [20] and 3) LDHs exhibit an excellent anion-exchange capability because the interlayer spacing can be adjusted by intercalating various inorganic and organic anions. Resulting from the combination of these advantages, the large interlayer spacing facilitates the rapid diffusion of ions from the active material to the surface, and thus, significantly improving the charging/discharging efficiency. [21] A considerable amount of research work related to LDHs has been reported, each time underlying the fact that they possess excellent pseudocapacitive activities. However, most LDHs reported for electrode materials, notably Ni-based LDHs, exhibit poor electrical conductivity and cycling stability in alkaline electrolyte, [22] which makes them undesirable for applications in energy storage. Thus, several strategies have been attempted to address these problems, including 1) enhancing the specific surface area of LDHs by fabricating nanostructures with controlled morphology, such as exfoliated/delaminated LDHs to single brucite layers, nanosheets, nanowires (NWs), nanorods, core-shells, and porous structures; 2) combining LDHs and various conductive substrates, such as graphene (G) and carbon nanotube (CNT), to form composite-type materials with enhanced electrical conductivity and mechanical robustness; and 3) tuning the active metal ions, such as Ni 2 + or Co 2 + , in the host layers, so that the number of electrons transferred in the electrochemical process is enhanced. Similarly, the interlayer anions can also be manipulated to modify the interlayer spacing, whereby an enlarged interlayer distance leads to a decrease of the ohmic resistance and an increased ion diffusion rate. Finally, LDHs can be used as precursors to prepare derivatives (LDH-derived materials), such as metallic sulfides, nitrides, oxides, selenides, and phosphides, that exhibit improved electrical conductivity, and therefore, specific capacitance.
Several previous reviews, each with different emphases, have mainly focused on the properties, synthesis, nanostructures, and applications of LDH-based materials for SCs.
[23] With the rapid recent progress in LDHs, LDH-based materials, LDHderived materials, and composite-type materials, there is a need to provide a more comprehensive and updated review on the domain. In addition to carbon-based materials, various metals, oxides, sulfides, phosphides, and hydroxides have been investigated for their combination with LDH (composite-type), to improve the electrical conductivity and mechanical robustness, and therefore, the electrochemical performance at the levels of both materials and devices. New derivatives of LDHs, which have been very recently developed for applications in SCs and other energy-storage devices, were not presented in past reviews. Some of these new derivatives of LDHs exhibit high electrical conductivity, better capacitive performance, and overall device performance. Herein, we review the most recent progress made with LDHs, their derivatives, and composite types as electrode materials for SCs. We also present current bottlenecks and technical barriers to the implementation of LDHs and LDH-based materials in SC applications.
LDH-Based Active Materials

Composition tuning of LDHs
LDHs contain metal cations in the host layers and interlayer anions between layers, both of which can affect the morphologies, structures, and capacitive behavior, if they are used as electrode materials. In the past few years, one of the major focuses on LDH-based materials is the exploration of transition metals as cations, due to their multivalence, which can produce the electrons required in the electrochemical charge/discharge process. In parallel, different anions intercalated in LDHs can also be varied, to enhance the capacitive performance, through which the interlayer spacing can be manipulated.
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Monoactive-metal ions in the host layers
Cobalt and nickel are the most common active metals to form LDHs, such as NiAl LDH [24] and CoAl LDH. [25] Among the metal hydroxides, Ni(OH) 2 has received considerable attention due to its low cost, high theoretical specific capacitance, and favorable environmental status. [4a] However, the cycling stability of Ni(OH) 2 is very poor, if it is charged/discharged in an alkaline electrolyte. a-Ni(OH) 2 can easily be dehydrated under these conditions, resulting in the corruption of the layered structure, and leading to an allomorphic transformation from a-to bNi(OH) 2 . [26] To solve this problem, a number of studies have been carried out to partially replace Ni ions by trivalent metals, such as Al 3 + or Fe 3 + , in the lattice of the LDH phase to improve the cycling stability and electrochemical activity. For example, Li et al. synthesized hierarchical NiAl LDH nanosheets assembled on nanotubes. [26] The effects of the Ni 2 + /Al 3 + molar ratio, the diameter of the nanotubes, and the thickness of the nanosheets on the structure and electrochemical performances were investigated. A high specific capacitance of 2123.7 F g À1 at 0.5 A g À1 and capacitance retention of 91.9 % after 10 000 cycles were obtained. One reason that accounts for the excellent capacitive performance is ascribed to the introduction of Al 3 + . A lower Al 3 + content can result in a higher initial specific capacitance, but poorer cycling stability. If the concentration of Al 3 + increases, the specific capacitance decreases, because the redox reaction during the charge/discharge process mainly arises from the Ni(OH) 2 /NiOOH couple. However, the cycling stability is improved, which is due to the structural stability of NiAl LDH after the introduction of more Al 3 + ions. Similar results have also been reported for the Co/Al LDH. With Co, there are two sets of redox couples in the cyclic voltammetry (CV) curves, according to the Faradaic reactions in Equations (1) and (2): [24] Co
Loh et al. prepared Co/Al LDH nanoflakes supported on Co NWs through an electrodeposition method. [27] It was found that the pair of redox peaks in the high potential range showed a significant increase, as the Al content increased. Part of the Co 2 + ions are substituted by Al 3 + ions, leading to a distortion of the octahedral symmetry of Co ligands in the host layers of LDH. Co 3 + might be further oxidized to Co 4 + , which can also contribute to the specific capacitance.
When introducing Al into the LDH host layers, the cycling stability arises from the improved structural stability of LDH. However, Al is an inactive material and has no contribution to the specific capacitance. [28] Several researchers have therefore tried to remove Al from LDHs, by etching in a strong alkali solution. The elimination of Al leads to a greater amount of active material. Its removal also generates holes and defects, which result in more active sites and greater electrolyte accessibility. As reported by Abushrenta et al., [29] hierarchical Co- based LDH nanoarrays (Co(OH) 2 @CoAl LDH) were prepared by a facile two-step hydrothermal reaction. The precursor CoAl LDH was immersed in a highly concentrated alkaline solution to remove Al ions. The material, after etching off of Al, shows a higher specific capacitance and rate capability than that of the precursor CoAl LDH. Liu et al. synthesized a NiCoAl LDH nanocomposite by partially etching Al, leading to an enhanced capacitive performance compared with that of the pristine NiCoAl LDH. [30] Although etching of Al ions from LDH host layers can improve the capacitive performance, it can also damage the overall LDH structure, if not properly controlled.
A [31] The specific capacitance was higher than that of Co/Al LDH. During the charge/discharge process, the Co III content was seen to increase after electrochemical oxidation, then decrease after reduction, but the Co II / Co III molar ratio was always within the range expected for a LDH phase; this indicated that the LDH structure remained stable during the charge/discharge process. A monometallic Ni 2 + /Ni 3 + LDH could also be obtained by the oxidation of part of Ni 2 + into Ni 3 + . [32] Its derivative, Ni(OH) 2 unilamellar sheets, was made by the exfoliation of Ni 2 + /Ni 3 + LDH. Because a-and b-Ni(OH) 2 exhibit neutral host layers, they do not possess anion-exchange properties, and thus, they cannot be directly exfoliated to unilamellar sheets. Instead, Ni 2 + /Ni 3 + LDHs with positively charged host layers and anions in the interlayers can be easily delaminated. This type of monometallic LDHs not only provides abundant active components (Ni or Co), but also gives rise to electroactive materials with more active sites.
Biactive-metal ions in the host layer
Several studies have focused on LDH-based electrode materials containing biactive metal ions because they have the advantages of both components and can have superiority over each of the single-ion LDHs in the electrochemical process. These biactive LDH materials include NiCo LDH, [33] NiTi LDH, [34] NiFe LDH, [35] CoMn LDH, [36] NiMn LDH, [28b] CoFe LDH, [37] and NiV LDH. [38] The synergistic effect between double metals can boost the capacitive performance.
In biactive metal LDH electrode materials, the relative proportion of each metal plays an important role in controlling the morphology, structure, crystal phase, and capacitive performance. In many cases, Co 2 + tends to give rise to the formation of a NW morphology, [39] whereas Ni 2 + tends to give rise to the nanosheet morphology, if urea is present during the hydrothermal treatment process. [40] Therefore, if Co 2 + and Ni 2 + are simultaneously added to the mother solution to form NiCo hydroxide or LDH, different morphologies can be produced; these morphologies are also dependent on the crystal phase of the final product. If it is b-phase hydroxide, in general, the morphology presents a mixture of NWs (nanospines or nanoneedles) and nanosheets, whereas, if it is an a phase (LDH phase), it presents only nanosheets. For example, our group synthesized a cactuslike b-phase NiCoÀOH grown on a carbon cloth (CC), which existed in the form of a nanostructure composed of 1D nanospines grafted on the surface and edges of 2D nanoflakes. [41] In addition, a different Ni/Co molar ratio can lead to different lengths for the nanospines. The NiCo LDH generally possesses a nanosheet morphology. [33] Sun and coworkers reported the morphology evolution of NiCo hydroxide from nanosheets, to nanoplates-nanospheres, to nanorods and nanoparticles, as the Co/Ni ratio was varied from 1:0 to 1:1, 1:2, 1:4, and 0:1, respectively. [42] The crystal phases are also different based on the NiCo hydroxide with different Co/Ni molar ratios.
Similar phenomena are observed with other biactive metal LDH electrode materials. For example, CoMn LDHs exhibit rather different morphologies with different Co/Mn molar ratios. [43] If the Mn 2 + concentration is high, the CoMn LDH adopts a squarelike morphology. With increasing Co 2 + concentration, the morphology gradually transforms to NWs. Because the Co/Mn molar ratio is 3:1, the electrode exhibits the best capacitive performance, including a high specific capacitance, rate capacity, and cycling stability, which indicates that the NW morphology can improve the electron transport rate and maximize utilization of the active material. For the NiMn LDH electrode material, changing the Ni/Mn molar ratio did not result in a change of morphology, but instead in a change of crystallinity.
[28b] As the Mn content increases, the crystallinity of LDH becomes lower.
[28b]
The electrochemical properties are also affected by the molar composition of both metals in the LDH. For example, with NiCo LDH, the introduction of Co leads to a decrease of the ohmic resistance of the active materials, as well as to an improvement of the Faradaic reversibility and cycling stability. [44] Nickel can improve the specific capacitance and the voltage window relative to that of other transition metals. [26] If both Ni and Co are incorporated into the host layers, the electrochemical properties can be tuned by adjusting the Ni/Co molar ratio. The redox potential of Co(OH) 2 is normally located in the range of 0.1-0.3 V versus the standard calomel electrode (SCE), [44] whereas the redox potential of Ni(OH) 2 is 0.4-0.5 V versus SCE. [23a] With an increase in Ni/Co molar ratio, the oxidization and reduction potentials of the NiCo LDH increase, correspondingly.
However, biactive LDH materials also suffer from structural and cycling stability problems. To address these problems, trivalent ions, such as Al 3 + or Fe 3 + , are introduced into the host layers. Wang et al. studied the effect of Al 3 + and Fe 3 + on the structure and electrochemical performances of NiCo LDH. [45] Compared with Fe 3 + , the Al 3 + -incorporated LDH was found to be more stable. The introduction of Al can prevent the collapse of Ni(OH) 6 and Co(OH) 6 within the mixed-metal hydroxide layer and preserve the structural integrity. Recently, our group has synthesized ternary NiCo 2 Al x LDHs grown on conductive CC as SC electrode materials. [46] The morphologies and crystal structures are shown in Figure 2 . The morphology gradually transforms from 1D NWs (NiCo 2 ÀOH) to 2D nanosheets (NiCo 2 Al x LDH) after introducing Al. Meanwhile, the b-hydroxide phase converts into the LDH phase if Al substitutes Ni or Co and enters the host layers (Figure 2 h ). Appropriate Al con-tent (x = 1.0) can give rise to an optimal nanostructure with the coexistence of NWs and nanosheets, leading to a high specific capacitance and excellent cycling stability.
Multiactive-metal ions in the host layers
Multimetal hydroxides can have advantages as a positive electrode over that of single-or double-metal hydroxides because they can greatly increase the number of redox states, produce more electroactive sites, and promote the overall electrochemical performance by properly tuning the composition and molar ratio of metal cations. [47] Take the crystalline Ni 2 CoFe LDH as an example, [48] the electrode showed an ultrahigh specific capacitance of 3130 F g À1 at 1 Ag
À1
. The redox reactions are mainly ascribed to Co and Ni, and the presence of Fe 3 + facilitates the penetration of OH À and accelerates ionic diffusion. In the charge/discharge process, Ni III and Co IV are formed on the basis of the synergistic effect by the coexistence of Ni, Co, and Fe, leading to an enhancement in specific capacitance. However, the cycling stability is not optimal. So, to improve the cycling stability of the NiCoFe LDH electrode, Li et al. developed an amorphous NiCoFe hydroxide, which exhibited an outstanding long-term cycling stability (96 % capacitance retention after 20 000 cycles). [49] This remarkable stability is related to the structural arrangement because the amorphous material exhibits a long-range disordered and short-range ordered structure. This arrangement provides a fast pathway for insertion and extraction of charges, resulting in a decrease of charge-transfer resistance and an increase in electrical conductivity, whereas the amorphous material possesses certain unsaturated ligand atoms, which can provide more electrochemically active sites. Similarly, NiZnCo hydroxide with an amorphous structure also showed a large pseudocapacitance, as a result of the high surface area and more active sites for redox reactions. [50] Introducing copper can improve the cycling stability and raise the cell voltage to 1.8 V for an (NiCoCu)(OH) 2 /CuO//AC asymmetric supercapacitor (ASC) device. [51] In NiCoMn hydroxide, the addition of Mn does not significantly change the crystal structure of the multimetal hydroxide, but it can transform the morphology from nanoneedles to nanosheets as the Mn content increases. [47] Furthermore, the specific capacitance is improved compared with that of the NiCo hydroxide without Mn. 
Tuning of anions and interlayer spacing
Together with extensive efforts focused on optimizing the metal composition in the host layers, there are a number of reports which have shown that intercalated anions have a great impact on the electrochemical performance. It mainly involves two aspects. First, as the interlayer spacing varies with intercalation anions, ion transfer within active materials can be accelerated, resulting in an improvement of the exchange capability with electrolyte anions. Second, the interlayer anions can tailor the microporous structure and provide more active sites, leading to an enhanced capacitive performance. [9, 18] Positive charges in the host layers and weak interactions of interlayer anions with the host-layer cations enable the LDH to adsorb various types of anionic species in the interlayer spacing by direct intercalation or by anion exchange. Several molecules (such as dodecyl sulfate ions, [52] glucose, [22] ethylene glycol, [19] and acetate [53] ) have been intercalated into the interlayers of LDHs to construct SC electrode materials. As reported by Wang et al., [19] ethylene glycol intercalated Co/Ni LDH nanosheets were synthesized by means of a one-step "bottom-up" method. The resulting LDH possesses an enlarged interlayer spacing of 9.64 and shows an unprecedented specific capacitance of 4160 F g À1 at 1 A g
À1
, which is higher than that of most LDH electrode materials reported for SCs. Meanwhile, the ethylene glycol intercalated Co/Ni LDH nanosheets exhibit a mesoporous structure of 2-5 nm in diameter containing numerous micropores ( % 1.2 nm), which not only facilitate the penetration of electrolytes into the active material, but also decrease the proton diffusion mean length. [19] Dodecyl sulfate intercalated CoAl LDH has a larger interlayer spacing (2.58 nm). Electrochemical characterization reveals that it can deliver a higher specific capacitance of 1481. 7 , respectively) at 1 A g À1 . [52] Our group investigated the effect of NO 3 À , Cl À , and SO 4 2À anions on the structure and capacitive performances of CoMn LDH. [18] The intercalation anions strongly affect the layer structure, phase transformation process, and charge-storage properties of the CoMn LDH electrode materials. In particular, SO 4 2À -intercalated CoMn LDH shows the largest interlayer spacing of 1.08 nm, and the most stable layered structure in KOH electrolyte compared with those of NO 3 À -and Cl À -intercalated CoMn LDHs. Wang et al. studied the effect of hydrothermal reaction time on the interlayer spacing and electrochemical performance of NiMn LDH. [21] As the reaction time increases, more NO 3 À anions from the mother solution can substitute CO 3
2À
anions in the interlayer space, leading to an increase of the interlayer spacing. However, the capacitive performance results show that a larger interlayer spacing does not necessarily lead to better electrochemical performance. Nevertheless, a suitable interlayer spacing would be beneficial for attaining better rate performance, accelerating the reaction kinetics, and storing more charges.
To understand the role of interlayer anions played in the electrochemical process, Lv et al. used a molecular dynamics (MD) simulation to evaluate the ionic diffusion coefficient (D) and ionic conductivity (s) of the electrolyte ions for glucose-intercalated NiMn LDH, because the capacitive performance was dependent on the D and s values. [22] The model is shown in Figure 3 b, and the diffusion coefficient D was calculated according to Equation (3):
In Equation (3), < j r i (t)Àr i (t 0 ) j 2 > is the average distance of transferred ions in the nanopores; n is related to the space dimensionality. For the LDH, n = 4 due to the 2D nanopores. In Figure 3 c-e, the D values of K + , OH À , and H 2 O gradually increase as the interlayer distance expands. However, it decreases instead if the distance reaches 0.95 or 1.0; this indicates that an appropriate interlayer distance can improve ion diffusion. In addition, the introduction of Mn accelerates ion diffusion based on the fact that the D values of NiMn LDH are higher than that of nickel hydroxide, which indicates that NiMn LDH has a better rate capability. According to the Nernst-Einstein equation [Eq. (4), the ionic conductivity, s, can be estimated:
in which e is the fundamental charge of the electron; k B is the Boltzmann constant; T is the temperature in K; V is the volume of electrolytes; and n i and n j are the number of cations and anions in the electrolyte, respectively. Figure 3 f shows the corresponding ionic conductivities. The conductivities of NiMn LDH and nickel hydroxide exhibit a first increase and subsequent drop tend, and the optimal interlayer distance is about 0.95-1.05 nm. Overall, intercalated organic anions can increase the interlayer distance and stabilize the layered structure of LDH, allowing fast ion transfer and volume diffusion, as well as an increase of the conductivity of the electrode.
Control of the morphology and structure of LDHs
Rational design of morphology and structure can lead to an increase of the electrochemically active surface area, of the transport rate of electrolyte ions/electrons, and enhancement of the overall capacitive performances. [4a, 54] Several researchers have been focusing on designing nanoscale electrode materials with different well-defined architectures, such as nanosheets, [55] nanoparticles, [56] nanoflowers, [57] nanorods, [58] NWs, [59] microsphere, [24] and core-shell nanostructure. [37, 60] A comparison of LDH-based SC electrodes discussed herein is given in Table 1 .
Morphology
In general, LDHs that are prepared by conventional methods, such as hydrothermal treatment and electrodeposition, exhibit 2D nanosheet-/nanoflake-like morphologies. The electrode materials directly grown on the conductive substrate, such as CC, nickel foam (NF), and carbon nanofiber (CNF), have an inter-connected arrangement that can provide effective paths for electrolyte diffusion, enhance electronic and ionic conductivity, and accelerate redox reactions.
[61] Figure 4 shows the crisscrossed NiCo LDH nanosheets grown on the surface of NF with an open structure, [33] leading to the exposure of more active sites to electrolyte and promoting electrolyte access. The resulting electrode exhibits an ultrahigh specific capacitance of 2682 F g À1 at 3 A g À1 and a smaller charge-transfer resistance.
Recently, LDHs with ultrathin nanosheets have attracted much attention because very small thicknesses of around 1 nm lead to a decrease of the transport distance of the electrolyte ions and an acceleration of the redox reaction rate. [62] These ultrathin nanosheets can be obtained by means of exfoliation method. For example, NiCo LDH/graphene oxide (GO) with 1.7-1.8 nm was synthesized by a GO surface-confined strategy. [55] An exfoliated NiAl LDH, exhibiting particle sizes of about 300 nm and thickness of about 1 nm, was reported by Du et al. [62] Different morphologies can be obtained by tuning the molar ratio of metal cations in the LDH host layers and by using various preparation methods, as discussed in Section 2.1.1.
Nanostructures
The nanostructure is constructed from 0D nanoparticles, 1D NWs or nanotubes, and 2D nanosheets. Nanostructural engineering is an effective pathway to enhance the capacitive performances, due to the exposition of a greater number of elec- f) The ionic conductivity inside Ni(OH) 2 and NiMn LDH nanopore. Reproduced with permission. [22] Copyright 2016, Elsevier Ltd.
troactive sites, the acceleration of charge transport, and the curtailing of particle aggregation during the charge/discharge process. [63] The hierarchical hollow and core-shell structures have attracted much attraction because they possess a large surface area, a high number of accessible active sites, a preferable electrolyte permeability, a favorable charge transfer, and a structural integrity that is retained during the charge/discharge process.
[64]
Template-free techniques can be used to synthesize hollow LDHs, such as hollow CoAl metallic LDH spheres, which are obtained through a direct one-step hydrothermal method. [65] However, most hollow LDHs are made usually by utilizing template-assisted techniques. [66] First, LDH nanosheets are grown on a specific template to obtain a core-shell structure, and then the core material is removed to produce the desired hollow structure with well-controllable shape and size. SiO 2 microspheres are commonly used as a sacrificial template to synthesize the hollow structured materials.
[66b] For example, Li and co-workers coated NiCo LDH and NiMn LDH nanosheets on the surface of SiO 2 cores to form the core-shell structure.
[64a] A solution of KOH was used to dissolve SiO 2 . The NiCo LDH shell had a slit shape and a thickness of 100 nm larger than that of NiMn LDHs (50 nm). The resulting hollow LDHs showed a high specific capacitance, good rate capability, and good cycling performances. In particular, the NiCo LDH electrode demonstrated a higher specific capacitance of 1766.4 F g À1 at 1 A g À1 than that of NiMn LDH. The main reason behind this result is the loose coating of NiCo LDH nanosheets on the cores, which leaves much space to facilitate the penetration of electrolyte. In addition to SiO 2 microspheres, Cu 2 O nanocubes can also be used as the template to prepare CoMn LDH hollow cages with sizes of about 300 nm assembled from nanosheets.
[66a] Compared with solid LDH, the hollow LDH exhibited an enhanced specific capacitance and outstanding cycling stability, which mainly arose from the mesoporous nanostructure of hollow cages with a high electroactive surface area (ESA).
Nanostructures, such as those that are hollow and coreshell, can be varied by tuning the concentration of alkaline solution to etch SiO 2 . For example, Shao et al. reported NiAl LDH microspheres with tunable (core-shell, yolk-shell, and hollow) interior architectures, which were prepared by coating ultrathin AlOOH film onto silica microspheres with subsequent in situ growth in an alkaline solution containing Ni 2 + , as shown ; the inset is the image at higher magnification. Reproduced with permission. [33] Copyright 2013, Wiley.
in Figure 5 . Figure 5 d-f shows that the nanoflakes are interconnected with each other, and they are grafted to the substrate to form flowerlike microspheres. [67] The TEM images in Figure 5 demonstrate that NiAl LDH microspheres are gradually transformed from core-shell to yolk-shell and hollow structures with increasing alkaline concentration. ), which leads to a higher specific capacitance.
In addition, several conductive materials, such as 1D CNTs and electroactive materials, for example, metal oxides, sulfides, and phosphides, can be utilized as the core to synthesize the core-shell-structured materials, in which these core layers are totally surrounded by the vertically aligned LDH nanoflakes. The electrical conductivity of the constructed composite electrode can be improved, and the efficiency or mass loading of electroactive LDH can also be enhanced. [68] 
LDH-Derived Active Materials
A number of active materials derived from LDHs, notably oxides, sulfides, phosphides, and selenides, have recently been investigated for energy storage, especially as SCs. These derivatives not only inherit some of the original properties of LDHbased materials (tunable composition, layered structures, unique nanostructures), they also possess better electrochemical properties, such as higher electronic conductivity and better mechanical stability, as well as unique physical and chemical properties.
Metal oxides
Several oxides with higher electrical conductivity and electrochemical performance than that of hydroxides have attracted much attention for energy storage. [69] Among them, however, the faradaic nature of the spinel metal oxides can limit the ion diffusion length, and thus, restrain the capacitance contribution within the surface and/or near the surface region of the material.
[70] For example, traditional Co 3 O 4 electrode material was normally prepared by annealing cobalt hydroxide precursor in air; the obtained material has a small surface area, which leads to an undesirable capacitive performance. To solve this problem, researchers have been focusing on the design and fabrication of oxides with unique nanostructures, such as hollow and porous structures, for which specific synthetic pro- Figure 5 . a) Preparation of LDH microspheres with tunable interior architecture from core-shell to hollow structures. b) A comparison of the specific capacitance of NiAl LDH with core-shell, yolk-shell, and hollow microspheres. TEM and SEM images of SiO 2 /AlOOH microspheres (c, g), SiO 2 /NiAl LDH core-shell microspheres (d, h), SiO 2 /NiAl LDH yolk-shell microspheres (e, i), and NiAl LDH hollow microspheres (f, j). Reproduced with permission. [67] Copyright 2012, American Chemical Society. [71] Starting with Co-MOF as a precursor, the intermediate NiCo LDH structure was prepared through ionic exchange. The Co-MOF was etched in a solution of nickel nitrate and the resulting nanoarray product was subsequently annealed into the desired product, as shown in Figure 6 . Co-MOF nanowalls have a smooth surface and a solid nature. The NiCo LDH with 2D structures was semitransparent, which indicated that a hollow structure was formed. After annealing the NiCo LDH in air, the nanoarrays were maintained, and the hollow structure was covered with interconnected ultrathin nanoflakes. The NiCo 2 O 4 electrode displayed a superior capacitive performance to that of the Co 3 O 4 electrode, which was attributed to the presence of hollow and porous nanoarrays with rich reaction sites and a short ion diffusion pathway.
Sulfides/selenides
Compared with metal oxides, metal sulfides and selenides demonstrate richer redox reactions and higher electronic conductivity and mechanical and thermal stability. [72] They arise from the lower electronegativity of sulfur than that of oxygen. [73] Many sulfides derived from LDHs are made by anion exchange with a solution of Na 2 S; this is a method that is facile and does not need a high-temperature annealing process. For example, Ni 4 AlS 2 grown on NF with a porous hyacinth-like structure was prepared by using this method based on NiAl LDH precursor. [74] The electrode material demonstrated an outstanding specific capacitance of 2030 F g À1 at 1 A g À1 , which was due to the high conductivity and macroporous structure that was beneficial for accelerating ion and electron transport. NiCo 2 S 4 nanotube arrays (NTAs) [75] and CuCo 2 S 4 nanorod arrays (NRAs) [76] also showed an enhanced capacitive performance compared with that of their corresponding oxides. Guo et al. studied the effect of the sulfidation reaction temperature on the crystallinity, morphology, and electrochemical performance of CuCo 2 S 4 . [77] After sulfidation, as the temperature rises, the crystallinity changes from an amorphous to crystalline state, and the nanorod morphology gradually transforms to nanoplates. Once the temperature reaches 150 8C, the CuCo 2 S 4 electrode presents an excellent cycling stability, as shown by a 93.3 % capacitance retention after 10 000 cycles. Based on the good capacitive performance of NiCo 2 S 4 and CuCo 2 S 4 , a ternary-metal sulfide, Ni x Cu 1Àx Co 2 S 4 , was prepared. [78] Because NiCo 2 S 4 and CuCo 2 S 4 both belong to the Fd3m space group, Ni, and Cu can coexist in the lattice of Ni x Cu 1Àx Co 2 S 4 without structural damage. The as-prepared Ni x Cu 1Àx Co 2 S 4 electrode showed a higher specific capacitance than those of single NiCo 2 S 4 and CuCo 2 S 4 electrodes.
Electrode materials containing vanadium or molybdenum, such as V 2 O 5 ,
[79] VN, [80] and MoS 2 , [81] have been widely studied as SCs because of the multiple oxidation states and high energy density of these metals. A Ni 4 VÀS electrode material with ultrathin nanosheets of about 5 nm thick and a porous nanostructure was prepared from Ni 4 V LDH. [72] The smooth Ni 4 V LDH nanosheets are vertically decorated on the NF. These nanosheets are closely interconnected with each other, forming an overall porous network. After hydrothermal anion exchange, Ni 4 VÀS retains the original morphology of Ni 4 V LDH, but the surface becomes rough and the Ni 4 VÀS nanosheets become distorted. Compared with the Ni 4 V LDH electrode, the Ni 4 VÀS electrode exhibits a higher specific capacitance, lower charge-transfer resistance, and remarkable cycling stability. CoMoÀS ultrathin nanosheets were grown on a 3D NF derived from CoMo LDH precursor. [82] The CoMoÀS nanosheets form an open structure supported on the NF skeleton. They possess an ultrahigh specific surface area of about 368 m 2 g
À1
. The unique mesoporous network architecture and multivalence of Mo lead to an ultrahigh specific capacitance of 2343 F g À1 at 1 mA cm À2 , with an extraordinary cycling stability (96.6 % capacitance retention over 20 000 cycles). Selenium has a lower electronegativity than that of both oxygen and sulfur, leading to a weaker chemical bond between the selenium atom and the bonding electrons. There are changes in the oxidation states of the compound, which result in more active and efficient reaction of selenides. [83] In addition, it has been revealed that the selenides possess a narrower band gap than that of sulfides, which can lead to a higher electrical conductivity and enhanced capacitive performances. [84] Monometallic selenides, such as NiSe 2 , [85] CoSe, [84b] and MoSe 2 , [86] have been used in the SC electrodes, due to their excellent electrochemical properties. Some researchers focus on bimetallic selenides, considering the likely synergistic effect between two types of metal ions. [83, 87] Some of the bimetallic selenides can be obtained by selenization annealing treatment of selected LDH precursors containing the corresponding metal ions. For example, Xu et al. prepared Ni 0.34 Co 0.66 Se 2 nanorods grown on carbon fiber (CF) paper through a selenization process of NiCo LDH/CF precursor and compared the electrochemical performance to those of the NiCo 2 O 4 and NiCo 2 S 4 electrodes, as shown in Figure 7 . [83] Among the three electrodes, the Ni 0.34 Co 0.66 Se 2 electrode displayed the highest capacitance (2.61 F cm À2 at 4 mA cm
À2
). The energy-storage mechanism in the three electrodes was also studied. In the charge/discharge process, Se and S contents in the Ni 0.34 Co 0.66 Se 2 and NiCo 2 S 4 electrodes greatly decreased and oxides were gradually formed instead of selenide and sulfide (Figure 7 p) . The capacitance did not degrade clearly. This was ascribed to the following two factors: 1) After 100 cycles, Ni 0.34 Co 0.66 Se 2 nanorods and NiCo 2 S 4 nanotubes were converted into ultrathin nanoplates coated on the surface of nanoparticles ( Figure 7 j-o 85 Se NTAs coated on carbon fabric through a selenization procedure with NiCo LDH as the starting material. [88] The (Ni,Co) 0.85 Se electrode exhibits an excellent electrical conductivity ( % 2 times as high as that of Co 0.85 Se). Similarly, an enhanced electrical conductivity was demonstrated by growing CuCoSe NWs on woven CFs. [89] Chen et al. studied the effect of the Ni/Co molar ratio in NiCo selenides synthesized by a simple Ni x Co 1Àx (CO 3 ) 0.5 OH precursor conversion method on the electrochemical properties. [90] If x = 0.67, the obtained selenide displayed the highest specific capacitance, resulting from an optimized synergistic effect between Ni and Co ions in selenides. NiCo 2 Se 4 nanosheets deposited on Ti NWs, as a positive electrode for SCs, have been reported. [91] Compared with nanotubes and NWs, the sheetlike structure can provide a larger accessible surface area. Moreover, direct contact between the Ti NW substrate and NiCo 2 Se 4 nanosheets can decrease the interfacial resistance, leading to an enhanced capacitive performance. Hierarchical hollow, sea urchin-like, and porous Ni 0.5 Co 0.5 Se 2 was synthesized by a selenization annealing treatment of the Ni 0.5 Co 0.5 (CO 3 ) 0.5 OH precursor, in which selenium powder served as the selenium resource.
[92] Such a hollow structure possesses a high specific area, including both the interior and exterior spaces of pores, to provide more electroactive sites. ), excellent corrosion resistance, mechanical stability, and faster charge/discharge ability. [6] The incorporation of nitrogen and phosphorous atoms into the LDH parent materials can change the density of states in the d band of metal nitrides and phosphides, which can reduce the shortage of d-band occupancy, leading to an enhancement in the electron-donating ability of the metal nitrides and phosphides. [93] A number of single-metal nitrides and phosphides have been explored as SC electrodes. The metals in these nitrides and phosphides typically include V, Mo, Ru, Cr, Co, Ni, Ga, Fe, and W. They not only serve as electrodes, but can also be combined with other active materials to construct composites with specific nanoarchitectures for SCs. Additionally, multimetal nitrides and phosphides have also been fabricated by nitrogenization and phosphorization processes derived from LDH precursors, with or without changes in metal composition in the LDH host layers.
Ishaq and co-workers reported NiCoFe nitride nanoparticles supported on fluorinated graphene (FG) made by an one-step nitrogenization procedure of NiCoFe LDH/FG precursors under an NH 3 atmosphere, as shown in Figure 8 . [94] The effect of Ni, Co, and Fe ratio and annealing temperature on the structure and electrochemical properties of the prepared NiCoFeN@FG (NCF-N@FG) sample was studied. The precursor exhibited a flowerlike structure composed of numerous hexagonal nanoplates of about 60 nm in thickness, which grew vertically on the NF. After thermal annealing, with an increase in temperature, the morphology gradually transformed to nanoparticles dispersively grafted on the surface of the FG sheet. Electrochemical characterization showed that the optimal NCF-N@FG electrode obtained with a 3:1:1 ratio of Ni/Co/Fe and an annealing temperature of 500 8C displayed the highest specific capacitance of 2110 F g À1 at 1 A g
À1
, excellent rate capability of 87.2 % at 20 A g
, and outstanding capacitance retention of 97.6 % after 5000 cycles. The material was used as the cathode in combination with AC as the anode to fabricate an ASC device. It showed an excellent cycling stability with 88.5 % capacitance retention after 10 000 cycles and a high energy density of 56.3 Wh kg À1 with a power density of 374.6 W kg
. The excellent capacitive performances are attributed to the following considerations: 1) nitride nanoparticles grafted on the FG layers can increase intimate contact, leading to an efficient charge transport; and 2) the morphology of small nitride nanoparticles facilitates the exposure of more electrochemically active sites to enhance the specific capacitance. [94] Electrochemical performances: q) the rate capability performance at various discharge current densities; r) normalized specific capacitance versus cycle number at 10 mA cm À2 . Reproduced with permission. [83] Copyright 2017, Elsevier Ltd.
Several transition-metal phosphides possess metalloid characteristics and superior electrical conductivity, and have attracted much attention as promising candidates for SC electrode materials. [95] These metal phosphides include cobalt phosphides, [96] nickel phosphides, [97] nickel cobalt phosphides, [98] iron phosphides, [99] copper phosphides, [100] and so on. However, although metal phosphides possess high theoretical capacitance, they suffer from poor cycling stability, which is mainly due to a dramatic volume variation in charge/discharge processes. [101] This can result in pulverization, as well as dropping off and aggregation of particles; thus giving rise to the loose electrical contact of the active materials with the current collector. Therefore, controlling the particle size to the nanoscale and designing unique nanostructures should probably provide an effective pathway to solve these problems. [101] The metal phosphides reported so far have different morphologies and nanostructures, which include nanoparticles, nanosheets, NWs, nanoneedles, and core-shell structures. [102] For example, Li and co-workers reported a ZnNiCoP nanosheet electrode material, which was prepared by means of the low-temperature phosphorization of ZnNiCo LDH precursors. [95] CoP and NiCoP exhibit NW morphologies. If Zn is introduced into CoP and NiCoP, the morphology transforms to nanosheets. Density functional theory (DFT) calculations revealed that Ni, Co, and Zn cosubstituted phosphide could remarkably improve the electrical conductivity and electron transfer, and P combined with OH À ions in the electrolyte to form 2D phosphate hydroxides nanosheets, which would facilitate OH À adsorption, whereas Zn and Ni could undergo deprotonation/protonation reaction processes easily. A comparison of LDH derivatives/ composites as SC electrodes discussed herein is shown in Table 2 .
Composite-Type Active Materials
To improve the electrical conductivity and overall capacitive performance of electrode materials, one approach is to assemble LDHs or LDH derivatives with highly conductive polymers, carbon (G, CNT, etc.) or other inorganic compounds (sulfide, phosphide, oxide, metal, etc.) to form various composites, which can increase the contact area between electrolyte and the active materials and improve the overall conductivity. One of the key considerations in the synthesis of composite-type materials fabricated by LDHs or LDH derivatives and conductive materials is the effective composition, stable morphology, and overall structure. Generally, in combination with conductive materials, the composites can generate synergistic effects, leading to further enhancement in capacitive performance.
Carbon-based materials
Carbon-based materials have several advantages, including a tunable and high specific surface area, excellent electrical conductivity, high chemical stability, and wide operating tempera- Electrochemical performances: h) specific capacitance and coulombic efficiency (h) of the ASC device (inset shows the corresponding few charge/discharge cycles); and i) plot of the relationship between the energy density and power density. LED = light-emitting diode. Reproduced with permission. [94] Copyright 2018, Elsevier Ltd.
ChemSusChem 2020, 13, 1 -30 ture range, of which porous carbon (PC), CNF, CNT, G, GO, and rGO are those most studied. [1] Proper control of the morphology of LDHs in combination with carbon materials can effectively prevent the agglomeration of LDHs themselves or LDH derivatives and obtain an overall higher surface area. [103] 4.1.1. Graphene (G) G, due to its 2D layered structure, large theoretical surface area ( % 2600 m 2 g À1 ), high electrical conductivity ( % 10 6 S cm À1 ), and fast charging and discharging rates, is a candidate for the fabrication of composites with LDH-based and LDH-derived materials, down to the molecular scale. [104] This is closely related to the structure of G: a strong d bond is formed between CÀC, which provides a good mechanical strength. However, G layers by themselves, which are held together by strong van der Waals forces, easily agglomerate, often leading to a fast decay in capacity during the charge/discharge process. [105] Therefore, the introduction of LDH-based or LDH-derived materials into G can inhibit agglomeration and retain a large overall specific surface area. On one hand, LDHs provides good chemical reactivity and active sites; on the other hand, G provides good electrical conductivity and high mechanical strength.
There are several strategies to develop the combination of LDHs or LDH derivatives with G, including their in situ growth on G sheets, self-assembly of the exfoliated G nanosheets with LDHs and LDH derivatives, and in situ growth of G within or on LDHs and LDH derivatives. [105] Negatively charged G can be used as a template to grow LDH and LDH derivative nanoparticles if it is placed in a mixed-metal salt solution due to its strong adsorption ability for metal cations. In the growth process, metal ions polymerize with the template and bond together to form a well-defined nanocomposite. These materials can normally be obtained by coprecipitation, electrodeposition, and hydrothermal methods, such as NiAl LDH/graphene nanosheets (GNSs), [103, 106] CoAl LDH/G, [107] NiÀMn LDH/rGO, [108] CoMn LDHs/rGO, [109] NiCo LDH/rGO, [59] CoFe LDH/multilayer G, [110] NiFe LDH/rGO, [111] NiCo 2 O 4 /G, [112] NiCo 2 S 4 /H-3DRG, [113] and NiCo 2.1 Se 3.3 /3DG. [114] The exfoliation-stacking strategy is favorable due to the production of ultrathin nanosheets. The delamination of nitrate intercalated LDH is more effective than that of chloride and carbonate intercalated LDH, due to the weaker electrostatic intercalation of nitrate anions with cations in the host layers. [115] Additionally, some anions with a large size, such as dodecyl sulfate [116] and citrate, [117] can be intercalated into LDHs by means of one-step precipitation or anion-exchange methods, which can swell the interlayer spacing and cause a weakening of the interaction between the host layer and interlayer. Subsequently, easy delamination into 2D single layers with positive charges is assisted by an infinite solvation process. In several cases, formamide is used as the solvent for the exfoliation of LDHs. GO and rGO are known to be negatively charged, so the selfassembly of LDH/GO and LDH/rGO electrode materials is possible. The single-layered nanosheet of exfoliated LDH is about 0.8 nm thick with a positive charge. [118] The thickness of the ex- [a] EEG = electrochemically exfoliated graphene, 3DGA = three-dimensional graphene aerogel, H-3DRG = heteroatom-doped edge-enriched 3D rivet graphene, CFP = carbon fiber paper.
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www.chemsuschem.org foliated GO nanosheet is about 1.0 nm. So, a thickness of around 1.8 nm of combined LDH/GO can be obtained. Yang et al. developed ultrathin and tortuous NiCo LDH nanosheets by means of a GO surface-confined strategy and compared the structure and capacitive performance with those of bulky NiCoÀOH. [55] As shown in Figure 9 a, in the absence of GO, the bulky plates display a b-phase hydroxide with an interlayer spacing of 0.46 nm. On the other hand, after the introduction of GO, a tortuous nanosheet morphology and LDH phase with an interlayer spacing of 0.81 nm are formed. Furthermore, the NiCo LDH/G nanosheets thus obtained possess a thickness of 1.7-1.8 nm. The introduction of GO promotes the oxidation of Co 2 + to Co 3 + , which results from the oxidized C/O functional groups on the GO surface; thus transforming the bphase hydroxide into the LDH phase. The ultrathin LDH nanosheets, which can shorten the transport distance of electrolyte ions, provide a high specific surface area and more active sites for the Faradaic reaction.
Carbon nanoparticles (CNPs)
CNPs with a small size can be coated on the surface of LDHs or LDH derivatives to improve the electrical conductivity of the composite. A NiAl LDH@CNPs hybrid electrode was fabricated through a hydrothermal reaction followed the addition of CNP (size: 12-18 nm). [119] Numerous CNPs can be densely coated onto both sides of each LDH nanoplatelet, while maintaining its original porous structure. The resulting NiAl LDH/CNP electrode exhibits a high specific capacitance and rate capability, which arises from the enhanced electrochemically active surface area and electrical conductivity. A combination of phosphorous-doped carbon and NiÀCo phosphide can greatly enhance the charge-storage capability through the synergistic effect of the two components, of which the metal phosphide possesses abundant oxidation states that facilitate efficient redox charge transfer.
[102a] Figure 9 . a) Schematic illustration of the fabrication of NiCo LDH/G nanosheets. Microstructure characterization of the as-prepared samples: field-emission (FE) SEM images of the bulky NiCoÀOH plates (b) and ultrathin NiCo LDH/G nanosheets (c-e). f) and g) TEM images of the ultrathin NiCo LDH/G nanosheets. Reproduced with permission. [55] Copyright 2016, The Royal Society of Chemistry. In recent studies, PC has been used in combination with LDHs to construct composites as electrode materials for SCs because of the low density, high surface area, and high thermal and chemical stability of PC. [120] PC is usually obtained through a series of methods, such as the activation of carbon, carbonization of polymer materials, and templating methods. [121] MOFs are often used as precursors to obtain PC, considering their special structure with nanoscale cavities and open channels. For example, Yu et al. reported the synthesis and capacitive behavior of NiMn LDH/PC composites. [122] PC derived from the calcination of zeolitic imidazolate frameworks-8 (ZIF-8 MOF) possesses a high level of porosity and retains the original morphology. NiMn LDH nanosheets crosslinked to each other uniformly cover the framework of PC, through an in situ growth method. Compared with the pristine NiMn LDH, the composite has a more ordered structure and high level of porosity.
Carbon nanotubes (CNTs)
CNTs, as one of the best known 1D nanomaterials, are of low weight, excellent mechanical stability and electronic conductivity, and high chemical stability. [68] In recent years, with a deep understanding of CNTs and CNT-based nanomaterials, their broad application prospects have been exploited. They are among perfect conductive substrates for active materials in energy storage, such as SCs, and energy conversion. [123] Zhao et al. designed a hierarchical nanostructure composed of NiMn LDH nanosheets anchored on the CNT backbone, as shown in Figure 10 .
[28b] The as-prepared NiMn LDH/CNT exists in a 3D architecture with a tunable Ni/Mn ratio. The electrode material exhibited a maximum specific capacitance of 2960 F g À1 at 1.5 A g
À1
, excellent rate capability (79.5 % retention at 30 A g À1 ), and good cycling stability. On one hand, the active material in the NiMn LDH contributes a sufficient pseudocapacitive reaction; on the other hand, the CNT backbone provides a highly conductive and robust network to facilitate the collection of electrons and transport of charge.
Carbon nanofibers (CNFs)
CNFs with a fine graphite structure and varying filament diameter have been used as a substrate for the fabrication of electrode materials, including LDHs and LDH derivatives, for application as SCs due to their extremely high length-to-diameter ratio, superior surface area, lightweight, high stiffness, and tensile strength. [124] CNFs not only serve as the conductive skeleton for the growth of active materials, but also act as binderfree electrodes. Composites composed of LDHs and LDH derivatives with CNFs can be prepared by means of in situ growth methods, such as those developed for CoMn LDH/CNFs, [125] NiAl LDH/CNFs, [126] NiCo LDH/CNFs, [127] CoNiFe LDH/CNFs, [128] Ni 0.85 Co 0.85 Se/CNF, [88] and NiCoP/CNTF. [129] Lai et al. developed CNFs from 3D biotemplating of nitrogen-doped carbonized bacterial cellulose nanofibers (CBC-N) by carbonization process, and then deposited ultrathin NiCo LDH nanosheets on it. [130] If the loading of LDH on CBC-N is low, there is a sparse distribution of NiCo LDH nanosheets on the surface of CBC-N. It resulted from the low concentration of Ni 2 + and Co 2 + in the mother solution. With an increase in the concentration of metal ions, nanosheets are formed. Whereas an overhigh loading of LDH on CBC-N makes the nanosheets too dense and leaves few pores to inhibit the electrolyte ion transport. The CBC-N@LDH-0.4 composite has the highest specific capacitance of 1949.5 F g À1 at 1 A g
À1
. The main reasons for the enhanced capacitive performance includes the following aspects: 1) an appropriate number of nanosheets with proper pores leads to the exposure of more active sites for the Faradaic reaction and easy electrolyte ion transport for charge transfer; 2) an intimate contact of LDH with CNF helps to improve the electrical conductivity; and 3) the layered structure of LDH facilitates the penetration of the electrolyte OH À ions into the interlayer spaces of LDH, resulting in an enlargement of the contact area.
Other carbon-based materials
Surface functionalization of carbon materials can facilitate the adsorption of ions, leading to fast electrolyte ion transport. If Figure 10 . Schematic illustration of the synthesis and morphology of NiMn LDH/CNT.
Step I: surface modification of the CNT by functional groups (e.g., ÀOH À , ÀCO, ÀCOO À ).
Step II: grafting of NiMn LDH nanosheets onto CNT backbone by an in situ growth method. Reproduced with permission.
[28b] Copyright 2014, Wiley.
ChemSusChem 2020, 13, 1 -30 www.chemsuschem.org 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim functional carbon materials are introduced into LDHs, they help to achieve better capacitive performances than those of LDH alone and LDH/carbon materials. Surface functional groups or heteroatoms, such as N, O, S, and F, can modify the electronic structure of carbon materials, as well as chemical and other key properties. [11] For example, in the CoAl LDH/FG composite, F atoms are covalently functionalized on the carbon nanosheet skeletons. [131] The composite thus obtained at an appropriate fluorination time showed an enhanced capacitive performance relative to that of the conventional CoAl LDH.
Among the heteroatoms investigated, N-doped carbon (NC) materials have been widely studied because they can provide additional negative charges to the carbon networks and enhance the electrical conductivity. [132] For example, NiCo 2 S 4 /NC shows greatly improved electrochemical performance and excellent cycling stability compared with that of bare NiCo 2 S 4 . [133] Recently, graphitic carbon nitride (g-C 3 N 4 ) has attracted great interest for energy storage and energy conversion, due to the unique layered structure and excellent chemical stability. In g-C 3 N 4 , there are strong covalent CÀN bonds in the layers, and weak van der Waals forces between the layers, which enable exfoliation into single layers similar to those in LDH. [25] To date, the g-C 3 N 4 /LDH composites reported include g-C 3 N 4 /NiAl LDH, [134] g-C 3 N 4 /CuAl LDH, [135] g-C 3 N 4 /CoAl LDH nanosheets, [25] and g-C 3 N 4 -rGO/NiAl LDH. [136] In addition, nitrogen-doped CNTs, [11] N-doped G, [17] and N-enriched carbon [137] can also be introduced into LDHs and LDH derivatives to form composites.
Other inorganic active materials
In recent studies, certain metal oxides, hydroxides, sulfides, phosphides, and nitrides have been used to form composites with LDHs or LDH derivatives, to construct electrode materials for SCs. There are two advantages with these constructions: first, through the combination of one or more pseudocapacitive materials with LDHs or LDH derivatives into a well-integrated 3D architecture, the contribution from the individual constituents can be combined, through which the capacitive performance can also be further enhanced by potential synergistic effects of these active materials;
[4b] Second, certain hierarchical and specific structures, such as core-shell structures, can be obtained, if LDHs or LDH derivatives are combined with some of these active materials, in which more accessible active sites are generated at the interfaces for Faradic reactions. On one hand, in certain specific configurations, a preferential orientation of LDH or LDH derivatives can provide large channels between the nanosheet arrays, allowing efficient electrolyte penetration into the inner region of the electrode, as an example. On the other hand, a proper and loose assembly of the capacitive materials would also be beneficial for facilitating enhanced contact for them to be with OH À in the electrolyte, which would improve the effective utilization of capacitive materials, and thus, improve the specific capacitance. [138] 4.2.1. Oxides/hydroxides Co 3 O 4 , as a well-known SC electrode material, has attracted much attention due to its extremely high theoretical specific capacitance (3560 F g À1 ). [139] Ning et al. fabricated Co 3 O 4 @NiAl LDH NWAs by means of an in situ growth method that exhibited a high specific capacitance, good rate capability, and good cycling performance, which were superior to those of pristine Co 3 O 4 NWAs. [139] MnO 2 is also commonly used as the electrode material for SCs, owing to its high capacitance, low cost, and environmentally friendliness. The chemical bath method and hydrothermal approach can give rise to both NW and nanosheet morphologies of CoAl LDH@MnO 2 . [140] By controlling the exfoliation and subsequent restacking procedure, an amorphous NiMn LDH/MnO 2 composite was prepared.
[104a] MnO 2 nanosheets can also be coated on NiFe LDH and CoNiFe LDH to form LDH/MnO 2 composites. [141] In addition to Co 3 O 4 and MnO 2 as common electrode materials, ZnO and CuO can also be combined with LDHs to construct composites such as NiCo LDH/ZnO NW arrays, [142] which present about 1.8 times enhancement in specific capacitance of pristine NiCo LDH nanoflakes. CuO@CoFe LDH NWAs were synthesized by a three-step procedure (Figure 11) , [37] involving 1) Cu(OH) 2 NWAs grew on the copper wire by etching of the wire and precipitation processes, 2) CuO NWAs were obtained by annealing Cu(OH) 2 at 180 8C, and 3) LDH nanoplatelets covered the surface of CuO NWAs through electrodeposition. The electrodeposition time has a significant effect on the capacitive performance of the CuO@LDH NWAs. A longer electrodeposition time resulted in thickening and dense packing of the LDH shell. However, an overdense packing of LDH shell on the CuO core exposes fewer active sites, which leads to a decay in the specific capacitance.
It is commonly known that most of the hydroxides exhibit poor electrical conductivity. However, if they were combined with other active materials, such as LDHs, unique behavior can be achieved. For example, CoAl LDH@Ni(OH) 2 [143] and NiCoAl LDH/NiCoÀCO 3 ÀOH [144] present enhanced specific capacitances compared with those of their pristine LDHs. This mainly results from a relatively loose and open structure within the electrode matrix, which enables a large surface area for rapid ion transport and the synergistic effect between the two types of active materials.
Sulfides/selenides
Recently, some researchers have focused on composites of LDHs coupled with ternary NiCo 2 S 4 , considering the high performance and outstanding electronic conductivity of NiCo 2 S 4 . [75, 145] Cross-linked CoAl LDH/NiCo 2 S 4 sheets, [146] NiCo 2 S 4 CNT@NiMn LDH/G hybrids, [147] and NiCo LDH nanosheets/ NiCo 2 S 4 nanosheets [148] have been prepared through in situ growth and subsequent electrodeposition or multistep hydrothermal methods. In the CuCo 2 S 4 @NiMn LDH core-shell hybrid arrays, conductive CuCo 2 S 4 serves as the core and LDH as the active shell. The composite demonstrated an ultrahigh specific capacitance of 2520 F g À1 at 2 A g
À1
, good rate capability, and excellent cycling stability, [149] and was superior to those of the individual CuCo 2 S 4 NRAs and LDH. [76] Ni 3 S 2 and Co 9 S 8 have also been selected for combination with LDH to form composite-type electrode materials, examples of which are Ni 3 S 2 @rGO@NiAl LDHs nanoarrays [15] and NiCo LDH/Co 9 S 8
[150] . Yilmaz et al. employed ZIF-67 (a type of MOF) as the sacrificial template to synthesize NiCo LDH and NiCo LDH/Co 9 S 8 composites.
[150a] The two composites exhibit the respective hollow and porous structures with a large specific surface area. The embedding of Co 9 S 8 in the LDH intergalleries provides a good interface in the hybrid constituents and stability of the materials. The NiCo LDH/Co 9 S 8 composite thus possesses a high specific capacitance, good rate capability, and cycling stability.
Selenide has similar properties to those of the sulfides, such as high electrical conductivity. Some studies on composites containing LDHs and selenides have been reported. [117, 151] An N,S-rGO/WSe 2 /NiFe LDH composite was assembled from WSe 2 and NiFe LDH nanosheets on N,S-codoped G. [117] There is a close interfacial contact between the three 2D layered components of N,S-rGO, WSe 2 , and NiFe LDH, which helps to stabilize the architecture during the charge/discharge process. Meanwhile, a hierarchically porous structure facilitates rapid ion/ electron transfer and provides accessible active sites. Li and coworkers reported a (Ni,Co)Se 2 /NiCo LDH composite with a core-shell nanostructure, and compared the capacitive performance with those of the (Ni,Co)Se 2 and NiCo LDH. [151] (Ni,Co)Se 2 , as the core, was prepared through a selenization process of NiCo LDH, which existed in a cactuslike morphology; the LDH nanosheet, as the shell, was coated on (Ni,Co)Se 2 through an electrodeposition process (Figure 12) . The synergistic behavior of two active materials of (Ni,Co)Se 2 and NiCo LDH enhances the specific capacitance of (Ni,Co)Se 2 /NiCo LDH compared with those of individual (Ni,Co)Se 2 and NiCo LDH, as well as a higher cycling stability and lower charge-transfer resistance, as shown in Figure 12 h-j.
Nitrides/phosphides
Several nitrides and phosphides, as n-type semiconductors, possess excellent conductivity (4000-55 500 S cm
À1
) to favor electron transport, [152] which can compensate for the poor conductivity of LDHs. Recently, there have been some efforts to develop novel composites composed of nitrides/phosphides and LDHs with unique architectures. For example, Zhou and co-workers designed Cu 3 N@CoFe LDH NWAs with a core-shell structure.
[152b] The morphology and electrochemical properties are shown in Figure 13 . The synthetic process involves etching, ammoniation, and electrodeposition, in which the CoFe LDH nanosheets are grown from the interior of the Cu 3 N NW to form the core-shell nanostructure. Compared with individual Cu 3 N and CuO electrodes, the Cu 3 N@CoFe LDH electrode exhibits a higher specific capacitance, lower resistance, and better cycling stability; this is due to the synergistic effect between Cu 3 N and CoFe LDH and the stable core-shell nanostructure.
Wang et al. synthesized NiP@CoAl LDH NTAs through a template-assisted electrodeposition process.
[152a] First, NiP NTAs were prepared based on the ZnO NRA template and, subsequently, the CoAl LDH nanosheet shell was grown on the surface of the NiP nanotube core. The NiP@CoAl LDH NTAs electrode displays much improved capacitive performances compared with those of NiP NTAs and CoAl LDH electrodes. The NTAs can shorten the ion diffusion distance and provide rich active sites for the faradaic reaction, leading to a high utilization rate of active materials. Our group successfully prepared a NiCoP/NiCoÀOH composite with a hierarchical cactuslike structure composed of 1D nanospines and 2D nanoflakes. [41] The preparation procedure involves the synthesis of NiCoÀOH precursor by a hydrothermal process and the partial conversion of NiCoÀOH to NiCoP by a phosphorization process. The concentration of P source and phosphorization time are shown to play important roles in the morphology and electrochemical properties. Too short a phosphorization time leads to only 1D nanospines being phosphorized. Higher P source concentrations result in an increase of the P content in the NiCoP/NiCoÀ OH composite. If the phosphorization time and P source concentration reach appropriate values, the resulting composite shows a specific capacitance of seven times higher than that Reproduced with permission. [37] Copyright 2016, Elsevier Ltd.
www.chemsuschem.org of the bare NiCoÀOH electrode. Similarly, Zhu et al. also fabricated a NiCoP@NiCoP electrode with a hierarchical structure consisting of a 1D core and 2D shell, which shows superior electrochemical performance.
[102d] The enhanced capacitive performance arises mainly from the following parameters: 1) the synergistic effect of NiCoÀP with high electronic conductivity and NiCo LDH or LDH-derived NiCoÀP; and 2) the hierarchical nanostructure is composed of a 1D material for providing a fast charge-transport pathway and 2D material for increasing the specific surface area, shortening the diffusion distance for ions. [70b, 153] 
Metals
To improve the conductivity of LDHs and LDH derivatives, several metals of different morphologies, such as Pt, [154] Ag NWs, [61a] Ni NWs, [155] and Ni and Co particles, [156] have been introduced into LDHs and LDH derivatives to form composites as SC electrode materials. Among these metals investigated, Ag NWs have attracted much attention for energy-storage devices, due to their unique 1D structures, high electronic conductivity (6.3 10 7 S m À1 ), mechanical flexibility, and fast charge transport. [61a, 157] Sekhar and co-workers combined NiCo LDH with Ag NWs grown on CC to form a novel composite. [61a] The introduction of Ag NWs not only improves the hydrophilicity and electrical conductivity of CC, but also helps to retain the flexibility of CC. As shown in Figure 14 , the composite exhibits ultrathin NiCo LDH nanosheets densely wrapped around the Ag NWs@CC to form a core-shell structure. Compared with the LDH@CC electrode without Ag NWs, the composite electrode shows a much enhanced specific capacitance, higher rate performance, and longer cycling stability. The architecture offers the following intriguing features: 1) interconnected nanosheets of LDH possess a large surface area, which leads to the fast diffusion of electrolyte ions; and 2) the Ag NWs grown on the CC help to enhance the mass loading of LDH and facilitate the fast movement of electrons from nanosheets to the current collector of CC.
Conducting polymers
Conducting polymers as a group of electrode materials for SCs have attracted considerable interest, owing to their high electrical conductivity, fast and reversible oxidation and reduction processes, and adjustable redox activity through chemical modification. [158] Compared with ACs, conducting polymers, such as pseudocapacitive polyaniline (PANI), can afford a higher specific capacitance of over 1000 F g À1 . [159] However, they suffer from volumetric expansion and structural destruction during the charge/discharge process. [160] Therefore, hybridizing conducting polymers with LDHs to construct composite electrodes can provide an effective pathway to compensate for the disadvantages of the poor conductivity of LDHs and cycling stability of the conductive polymers. Some organic molecules, such as poly(3,4-ethylenedioxythiophene) (PEDOT), [161] PANI, [162] polypyrrole (PPy), [160] and poly(N-isopropylacrylamideco-2-acrylamido-2-methylpropane sulfonic acid) (P(NIPAM-co-SPMA)), [163] have been incorporated into LDHs to form composites, which display enhanced capacitive performances. For instance, for the fabrication of NiCo LDH/PANI/bacterial cellulose (BC) electrode material, first PANI wrapped around the surface of BC nanofibers to improve the roughness and hydrophilicity of BC and increase the surface area. The PANI layer then serves as a "nanoglue" to graft NiCo LDH nanosheets onto the PANI/ BC nanofibers and form a 3D open conductive network. The 3D nanoarchitecture, with a large specific surface area and synergistic effect of PANI and LDHs, alleviates structural swelling, accelerates electron transport and ion diffusion, and enhances the charge-storage performance. In addition, a core-shell nanostructure can be constructed by combining the LDH and conductive polymers, in which the conductive polymers serve as the core to facilitate electron collection and fast transport, whereas the LDH nanosheet shell acts as a protecting layer to prevent the structural swelling and shrinking of conductive polymers during the charge-discharge process. [164] A summary of LDH composite SC electrodes is provided in Table 3 .
SC Applications
There has been steady progress in the development of LDHs, LDH-based materials, and LDH-derived materials, for which the design of the composition and controlling the morphology and structures at varying scales are important. For applications in SC devices, these active materials need to be assembled into the required configurations. Their capacitive performances, such as energy density and power density, are important measurement indexes. In the fabrication process of devices, several factors have to be considered, such as the mass loading of active materials, the choice of electrolyte, and device packing.
Mass loading of active materials
The mass loading of active materials is an important parameter for SCs. The traditional fabrication of electrodes by using powdered active materials and binders can attain relatively high areal mass loadings, but their specific capacitance is greatly decreased due to the close-packed structure, which results in a limited electrochemically active surface area. [165] In recent years, the in situ growth of substrates has attracted much attention due to the well-defined structure that can be obtained, even at high areal mass loading, which can enhance ion and electron transport, as well as increase the electrochemically active surface area. [166] , respectively. [166] The effect of LDH mass loading on Co@CNT on the resultant morphology, structure, and capacitive performance of Co@CNTs@NiCo LDH was studied. With an increase in the mass loading of LDH from 0.5 to 10 mg cm À2 , the morphology transformed from tiny subunits to nanoplates of high density on the surface of Co@CNT NWs. At the growth rate of LDH on the Co@CNTs, the porous CNTs facilitated fast nucleation of LDH. No active material was peeled off from the electrode, even at a high mass loading of 10 mg cm
À2
, due to the formation of a stable nanostructure. In general, the rational design of the well-defined nanostructure of the active material with a high mass loading plays an important role in maintaining a high capacity.
Electrolytes
In addition to the positive and negative electrodes, the choice of electrolyte is also an important component in any SC device. In general, an appropriate electrolyte exhibits high electrochemical stability, high ion concentration, a wide voltage window, low resistivity, low viscosity, low volatility, low toxicity, low cost, and availability at high purity. [1] For LDHs, LDH derivatives, and their composite-type electrode materials, an alkaline aqueous solution, such as KOH and NaOH, is normally used as the electrolyte because it possesses a high ion concen- [167] The alkaline electrolyte, with a high concentration in the range of 3-6 m, shows a high corrosion activity for the active material, leading to the stripping off or deformation of the porous structure, and thus, decreasing the charge-storage capacity. A 1 m concentration of OH À appears to be optimal for the alkaline electrolyte, producing a high specific capacitance without clear deformation of the structure during the charge-discharge process. Also, KOH and NaOH of the same concentration result in no clear difference in the performance. Therefore, the alkaline electrolyte type is not a major factor that affects the performance in this particular case. For the fabrication of solidstate SC devices, polyvinyl alcohol (PVA)-KOH gels are usually used as both the solid-state electrolyte and separator. [168] 5.3. Device fabrication SC devices can be broadly classified into two types, rigid SCs and flexible SCs, based on the substrate and intrinsic properties of the electrodes employed. Slurry casting is a conventional technique that has been adopted in the fabrication of common rigid SCs. The powdered electrode materials, binders, and conductive materials, such as acetylene black, are mixed together, and then cast on inflexible current collectors, such as NF and Ni plates. Carbon-based materials, such as AC, usually serve as the negative electrodes, with LDH-based, LDH-derived, or the corresponding composite-type materials as the positive electrodes in the fabrication of ASCs. An aqueous KOH electrolyte is often used to favor electron/charge transfer and ensure the electrochemical activity of electrode materials during the charge/discharge process. Raising the potential operation window is one of pathways to enhance the energy density of these SC devices, according to the equation E = 1/2 CV 2 (C and V represent the specific capacitance and device voltage, re- [a] MORGO = moderately oxidized reduced graphene oxide, CFC = carbon fiber cloth, GOS = sulfur-doped graphene oxide, FGN = fluorinated graphene.
www.chemsuschem.org 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim spectively), by choosing the electrode-electrolyte combination. [1] The key to obtaining a large operation window is to select appropriate electrodes with compatible electrolytes.
In recent years, significant effort has been devoted to flexible energy-storage devices, for portable applications, such as in roll-up displays, wearable devices, biomedical sensors, and mobile phones. [169] These devices are expected to be lightweight, small in volume, flexible, and their performances (high energy density, long cycle life, and excellent rate capability) should be retained under repeated bending, twisting, compression, and stretching. To attain the aforementioned objectives, several key considerations need to made: 1) selection of flexible electrode materials with a high specific capacitance, high surface area, and high conductivity; 2) use of flexible and robust current collectors; and 3) employment of solid-state electrolytes with high mechanical robustness and ionic conductivity. [170] Considerable research is focused on the preparation of freestanding and binder-free electrodes with excellent mechanical behavior and a high specific capacitance for flexible SCs. In general, carbonaceous materials, such as G, CNT, and CNF, are commonly used as the backbone and current collector due to their high conductivity and mechanical flexibility, [28b, 108, 126] in combination with LDHs and LDH derivatives, as discussed in Section 4. For wearable SC devices, fabric materials and CC are commonly used as the substrates for growth of the active materials. For example, Nagaraju et al. utilized a polyester fabric as the substrate on which Ni was electrodeposited to in situ grow a flexible electrode of the binder-free NiCo LDH nanosheets adhered to NiCo LDH nanoflake arrays (NC LDH NFAs@NSs/Ni fabric), as shown in Figure 15 a. [60a] A fabric-based ASC based on NC LDH NFAs@NSs/Ni fabric (positive electrode) and AC@CF (negative electrode) was then assembled. It achieved a stable operational potential window of 1.6 V and a high energy density of 0.392 mWh cm À2 at a power density of 2.353 mW cm
À2
. In addition, the ASC device showed good mechanical flexibility and robustness. Even under twisted conditions (Figure 15 f) , a capacitance retention of 99.76 % could be achieved. After charging the solitary ASC at 7 mA cm À2 , a wearable digital watch and a fan powered by an electric motor could be driven (Figure 15 i, k) .
Some polymers can also serve as the substrate for combination with LDHs or LDH derivatives. For example, Zhao et al. used a self-assembly method to fabricate a flexible electrode with an alternating-layer superlattice structure by combining CoNi LDH monolayers and conducting polymer (poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate), denoted as PE-DOT:PSS). [171] An in-plane ASC device was designed, in which the LDH composite functioned as the positive electrode and rGO film as the negative electrode. They were supported on a polyethylene terephthalate (PET) substrate that provided mechanical strength and flexibility, in which PVA/KOH gel served as the solid-state (-like) electrolyte. The ASC device thus prepared exhibits a maximum energy density of 56.2 Wh kg À1 , excellent flexibility and mechanical strength, and more than 96 % capacitance retention after repeated bending 400 times at 90 8C.
Summary and Outlook
This review looked into recent advances in LDH-based, LDHderived, and composite-type active materials that have been widely investigated for enhancing the capacitive performance of SCs. Tuning the metal type in the LDH host layers can significantly change the electrochemical activity and device performance. Active metals, such as Ni, Co, and Mn, are commonly introduced into the LDHs in the forms of mono-, bi-, and multiactive metal ions in the construction of electrode materials. Trivalent elements, such as Al, are incorporated in the LDH host layers to stabilize the structure and prolong the cycle life and stability. The metal/metal ratio in the LDH host layers has a strong effect on the morphology, structure, and electrochemical performance at the levels of both materials and devices. An enhancement of the capacitive property and device performance can be achieved by adjusting the interlayer anions and interlayer spacing in LDHs. An appropriate interlayer spacing can give rise to an optimal electrochemical property, such as good specific capacitance, rate capability, and long-term stability. Too small an interlayer spacing can apparently inhibit ion diffusion and charge transport, whereas too big an interlayer spacing can enlarge the ion diffusion distance and prolong the transport time of ions/charges. Therefore, the selection of interlayer anions is also very important in LDHs.
Because the LDHs by themselves possess poor electrical conductivity and mechanical stability, various composite-type electrodes have been constructed by combining selected LDHbased and -derived active materials with conductive/supporting materials, such as carbon-based materials, metals, metal oxides/hydroxides, sulfide/selenides, nitride/phosphides, and conductive polymers, in various configurations and on various length scales. Carbon-based materials, such as G, CNTs, and CNF, possessing high conductivity, large surface areas, and chemical and mechanical stability, can significantly improve the electrical conductivity of the overall composite integrity and enhance the specific capacitance and overall SC device performance. The synergistic effects of LDHs or LDH derivatives and the conductive/support materials in the composite structure enable advantages for achieving greatly enhanced electrochemical properties.
Rational designs of structures at various length scales, from nano-to micro-and mesoscales, play an important role in improving the capacitive performance of LDH-based materials, LDH-derived materials, and their composites. LDH-based materials commonly exhibit 2D nanosheet morphology with a large specific surface area, which can be extended into various other hollow, porous, core-shell, and composite-type nanoarchitectures with better performance if used as SC electrode materials. They can provide numerous extra active sites and facilitate the fast transport of electrolyte ions and charges.
LDH-derived materials and composite-type electrode materials in various morphologies, such as oxides, sulfides/selenides, and nitrides/phosphides, can offer much better electrochemical properties, including high electronic conductivity, mechanical stability, and electrochemical properties, if they are properly tuned and integrated together. ) solitary SC operates a digital watch (e, f) and electric motor fan (g, h); thus demonstrating its potential suitability for wearable electronic applications. Reproduced with permission. [60a] Copyright 2017, American Chemical Society.
Although the specific capacitance of LDH-based materials, LDH-derived materials, and their composites have been reported to be over 2000 F g À1 , there are still considerable problems that need to be solved before they can be used in large-scale applications.
For practical applications in SCs and similar energy-storage devices, the mass loading of LDH-based material is a key factor to be considered. Some reported electrodes use binders to immobilize the powdered active materials on the current collector, to increase the loading of active materials. However, the addition of binders can inhibit electron/charge transfer between the active material and electrolyte and generate "dead volume," leading to a large degradation in capacity and device performance. Several in situ growth methods of LDH-based/-derived materials on the current collector, such as CC, NF, and CNF, have been explored, although the mass loading is still low (1-3 mg) . To effectively increase the mass loading without adding binders would be an issue to be solved for large-scale applications.
Although much success has been made in the design and synthesis of LDH-based, LDH-derived, and composite-type electrode materials over the past several years, considerable efforts are still needed for the fabrication of these materials with purposely controlled structures and morphologies at various length scales, to meet the technical requirements for applications in SCs and other energy-storage devices. For instance, to obtain an optimal overall electrochemical performance by adjusting the chemical/metal composition, controlling the morphology and feature size, the design of desired nanostructures that prevent the aggregation of LDHs and integration with other active/inactive materials are a set of daunting challenges, although some of these individual attributes have been developed over the past several years. The fabrication processes should be green, energy saving, environmentally friendly, and of low cost, especially for large-scale applications.
Detailed characterizations at varying scales, ex situ, in situ, and operando, should be developed to fully establish the operation mechanisms of various LDHs-based materials, LDH-derived materials, and composite-type electrodes, if used as electrodes in energy storage and conversion, for which the essential understanding of synergistic effects among the active materials, especially in heterogeneous structures, will be important. These studies will provide detailed references and a set of databases for LDH-based, -derived, and composite-type materials for use in various new-generation energy-storage and -conversion devices.
Packing it in: Layered double hydroxides (LDHs) possess a layered structure with positively charged hydroxide host layers and negatively charged interlayer anions. LDH-based, -derived, and their composite-type materials have shown great potential in new-generation supercapacitors, by rationally designing the morphology, nanostructure, and composition of the host layers and intercalation species. 
